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ABSTRACT 

Feldhake, C M and Edwards, W M ,  1992 Pasture canopy temperature under cloudy humid condmons 
Agrlc For Meteorol, 60 133-144 

The temperature of a forage canopy, which is determined primarily by climate con&tlons and plant 
water status, is an Important regulator of the forage's physiological processes Canopy temperature 
measurements are widely taken as an m&cator of plant-water status under and, sunny condmons This 
study was conducted to determine the canopy temperature response of orchardgrass (Dactyhs glomerata 
L ) to the high huml&ty and variable radiation levels of Appalachia Average hourly chmate parameters 
were measured along with average hourly canopy temperature and dally evapotransplrauon from a 
monohth lyslmeter at the North Appalachian Experimental Watersehd at Coshocton, Ohio, from Day 110 
through 183 of 1989 The responses during a reference spring with plentiful rainfall in&cate that canopy 
temperature decreased 2 I°C for a 1 kPa increase m vapor pressure deficit and increased 0 6°C for each 
I00 W m -2 increase m net radiation The levels of average hourly wind during this penod had no slgmficant 
effect on canopy temperature Aerodynamic and canopy resistances calculated from canopy temperature 
responses to vapor pressure defiot and net radiation were consistent except at net ra&atlon levels below 
100Wm -2 Reductions m canopy helght by a half, as a result of lodging, had no pronounced effect on 
evapotransplratlon or canopy temperature The response of canopy temperature to changes m chmate 
condmons was as rehably determined under cloudy humid condmons as under sunny condlUons 

INTRODUCTION 

Jackson (1982), in his review of  research on plant canopy temperature, 
noted that much of  the early work was done in humid regions This contri- 
buted to a common early historical misconception that leaves must always be 
above air temperature when in direct sun High humidity suppresses evapor- 
ation from leaf stomata and, therefore, limits cooling The relationship 
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between air temperature and canopy temperature is now better understood, 
including conditions under which canopy temperature is below air tem- 
perature (Idso et a l ,  1981c, Paw U ,  1984) 

In the last two decades canopy temperature has been measured with 
infrared thermometers as a routine parameter to help determine evapo- 
transpiration (ET) (Stone and Horten, 1974, Blad and Rosenberg, 1976, 
Hatfield et a l ,  1984) and plant water stress (Ehrler et a l ,  1978, Idso et a l ,  
1981b, Jackson et a l ,  1981, Keener and Klrcher, 1983, Clawson et al ,  1989) 
This is of  particular importance in arid and semi-arid regions where irrigation 
is an important  and expenswe agricultural management input 

Canopy temperature has also been an important research tool for better 
understanding plant response to the environment Examples of this include, 
observing the hysteretlc effect ofevapotransplratlon vs leaf-water potential m 
alfalfa during a diurnal cycle (Sharratt et a l ,  1983), assessing water stress in 
cotton due to high water tables (Relcosky et a l ,  1985) and determining the 
relative impact on evapotransplratlon of soil heat flux compared with root 
conductance for soils of dlffenng soil temperatures (Feldhake and Boyer, 
1986) 

In recent years the research lead for interpreting canopy temperature data 
in relation to environmental parameters has been In dry regions A major 
advance in our understanding was made with the development of  a way to 
interpret the relation between canopy temperature and vapor pressure deficit 
(Idso et al ,  1981a, Jackson et a l ,  1981, Idso, 1982) This relationship is subject 
to influence by wind and solar radiation (O'Toole and Hatfield, 1983, Hlpps 
et a l ,  1985) 

The important  components of  the energy budget can be described with the 
equation 

R n - -  G = H + 2E (1) 

where R n lS the net radiation (Wm-2) ,  G is the soil heat flux ( W m - 2 ) ,  H IS 
the sensible heat flux from the canopy to the air (Wm -2 ) ,  and 2E ~s the latent 
heat flux to the air (Wm -2) with 2 being the heat of  vaponzatIon for water 
In studying the energy budgets of  canopies it is frequently helpful to determine 
the efficiency with which energy Is being transported m relatmn to climatic 
conditions Montelth (1963), utilized the concept of  resistance to relate energy 
flow to driving potential Sensible heat can, therefore, be expressed as 

H = p C ( T  s - Ta)lrah (2) 

where p is the density of air (kgm-3),  C is the heat capacity of air 
(J kg-1 oC-~), T~ is the canopy temperature (°C), T~ is air temperature (°C), 
and rah IS the aerodynamic resistance to heat flow (s m -  t ) Latent heat can also 
be expressed as 

2 E  = pA, e ( e*  - -  ea) /P(ra~ + r~) (3) 
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where e iS the ratio of  the molecular weight of  water to air, e* is the saturated 
vapour pressure of air at the temperature of the canopy (Pa), e~ is ambient 
vapor pressure (Pa), P is atmospheric pressure (Pa), Gv is the aerodynamic 
resistance to vapor transport (s m -  ~ ), and r~ is the resistance (s m -  ~ ) which is 
owing to the ability of the canopy and soll to supply water for evaporation 

Instruments for determining canopy temperature by measuring emitted 
longwave infrared radiation are readily available, and as a result the difference 
between canopy temperature and air temperature is being exploited as a 
valuable indicator of  energy partitioning between sensible and latent heat 
Idso et al (1981a) and Idso (1982), showed an empirical linear relation 
between air-canopy temperature difference and vapour pressure deficit that 
was uniquely characteristic of  the crop experiencing a high level of  water 
availability Jackson et al (1981) proposed, with analytical arguments, that 
this relation should be curvflmear Idso and Clawson (1986) verified, with 
measurements, that the relation was curvflmear but that it was nearly linear 
under conditions of  small vapor pressure deficits 

O'Toole and Real (1986), substituted the empirical relation between the 
air-canopy temperature difference into the analytical arguments in order to 
determine a canopy resistance and aerodynamic resistance for crops transpir- 
ing at the potential rate These relations were expressed as 

r~p = pCpa/R.b(A + 1/b) (4) 

and 

re0 = --rap[( A + I/D)/Y + 1] (5) 

where r~v is aerodynamic resistance and r~p canopy resistance for a canopy 
transpiring at the potential rate, b is the regression slope from the empirical 
relation, A is the slope of  the saturation vapor pressure curve (Pa °C-J ), a is 
the regression intercept from the empirical relation, and Y is the psychometric 
constant (Pa °C-  ~ ) This approach is quite appealing because of its simplicity 
and freedom from many sources of  error inherent in a pure energy budget 
approach to calculating canopy and aerodynamic resistances 

The Appalachian region has hilly topography and a humid temperate 
climate The region contains the headwaters of  most major rivers of  the 
Eastern USA Agncultural  production is frequently hrmted to pasture due to 
slope steepness, which limits vehicle access There is merit in continually 
improving our ability to predict soil-water depletion by plants because of  its 
impact on stream flow and forage yield While canopy temperature measure- 
ments are useful to help moni tor  water use, they are seldom measured in this 
region 

The objective of  this research was to determine the relation between canopy 
temperature and net radiation, vapor pressure deficit, and wind for a Dactyhs 
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glomerata, L pasture under the humid, cloudy conditions characteristic o f  
Appalachia 

M E T H O D S  A N D  M A T E R I A L S  

This research was done at the U S D A - A R S  North Appalachian Experimental 
Watershed located at Coshocton, Ohio, latitude 40022 ' N, longitude 81 °47' W, 
and elevation 361 m The Dactyhs glomerata L canopy measured was growing 
on a 1 8 m × 4 3 m × 2 5 m monoli th lyslmeter The soil was classified as a 
DeKalb  slit loam, Typic Dystrochept  (loamy-skeletal, mixed, meslc) The 
measurement  period was from 20 April to 13 July 1989 (days of  the year 
(DOY) 110-187) This period had frequent rainfall and the component  of  soil 
moisture considered available for plant extraction was never depleted by more 
than 25% Total  soil moisture, monitored with a Troxler" model 3322 neutron 
moisture gauge, was at no time depleted by more than 10% 

The lyslmeter was located on a 22% slope facing east It was located within 
a D glomerata pasture grazed by cattle, except for a fenced exclusion area of  
14 2 m  × 16 6 m  around the lyslmeter All data were collected and stored 
using a Campbell  Scientific CR7 datalogger ~ The lysimeter's weight, 
measured with a Toledo a scale, was recorded every 10 s for 2 mln on the hour  
and averaged Percolation runoff  were collected in large barrels and measured 
wlth FW-1 water-level recorders fitted with potentlometers to allow electronic 
measurement  of  float level 

Precipitation was measured with a Belfort ~ tipping bucket  rain gauge and 
soil heat flux with two discs buried 2 cm below the soil surface The following 
sensors were placed 1 m above the canopy and adjusted weekly as needed Net 
radiation was measured with a Frltchen ~ net radiometer mounted parallel to 
the slope, air temperature and humidity with a Campbell  Scientific 207 d 
temperature and humidity probe, and wind with a Met  One 014A d wind speed 
sensor Canopy temperature was measured with an Everest 400l a Infrared 
Temperature  Transducer,  with a 4 ° field of  view, pointing north and 30 ° from 
horizontal, with the sensor shielded from direct solar radiation The measure- 
ment region was approximately 60 cm x 120 cm All climate parameters were 
stored as hourly averages from measurements taken every 10 s The cahbra- 
tlons for the Infrared sensor and humidity probe were checked periodically 
and remained within specified tolerances throughout  the period 

Canopy temperature values were corrected for an assumed grass emissivity 
of  0 96 

a Trade  n a m e s  are included for the benefit o f  the  reader,  and  do not  imply endor semen t  or  preferential  

t r ea tmen t  o f  the  p roduc t  by the au t ho r s  or  the U S D A  
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RESULTS 

On DOY 110 the vegetatwe canopy was about 20 cm tall and begmmng its 
peak annual growth period By DOY 140 It had reached its peak height of  
75 cm (F]g 1 (B)) and was beginning anthesls Shortly thereafter, some of the 
heads began to lean, and durmg a couple of storms between DOY 163 and 
168, the enUre canopy lodged to about half of ItS prev]ous height On DOY 
179 the grass was cut, chopped, and spread back on the lys]meter to conserve 
the mtrogen balance as part of another project The ratio of  evapotransp~ratlon 
to net ra&atlon for the ram-free days increased around DOY 136, when the 
weather became substantially warmer (Fig I(A)) There was no apparent 
change in this ratio due to lodging of  the canopy after DOY 162, however, the 
ratio did change after mowing on DOY 179 

Canopy temperature values for hours during which ]t ramed or for hours 
dunng  which net ra&atlon was less than 100Wm -2 were not retained for 
the analysis The data were segregated into periods containing about 50 
sequential hourly measurement periods, collected over several days per period 
(Table 1) Multiple regression was used to stat]stlcally separate the effects of 
vapor pressure deficlt, net radmtlon, and wind on the mr-canopy temperature 
&fferentml Wind did not make a statistically significant contnbuUon to the 
pre&ctlon of  the mr--canopy temperature &fferentml for any of  the 11 periods 
and Is, therefore, not mcluded in the regression statistics This is cons]stent 
w]th results pubhshed by Merva and Fernandez (1985) showing that wind 
&d not have a substantml ]mpact on evapotransplratlon under very humid 
condlUons 

The mr-canopy temperature &fferentlal was plotted against vapor pressure 
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Fig 1 (A) Relative evapotransplraUon (ET) for the period DOY 110-187 Relative ET is for days 
without rainfall and is expressed as the raUo of ET to net radmtlon (B) Canopy height for the period 
DOY 110-187 
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Fig 2 Air--canopy temperature dlfferentml as a funcUon of vapor pressure deficit The time period 
which each hne represents along with its regression stattsttcs is hsted m Table 1 

deficit for the 11 sequential periods (Fig 2) The regression statistics, along 
with average chmate parameters for the 11 periods are shown in Table 1 It 
is not clear why Period 8 had such a low r E, but the regression coefficients were 
not unusual The lines m Fig 2 were normalized for an average net radiation 
of  300 W m -2 

Data from the first period resulted in a line with a steeper slope and higher 
intercept than the next eight This penod had the lowest canopy biomass, since 
the grass was just beginning its peak growth period The next eight periods all 
fall within a fairly tight region, and even the data from the tenth period after 
which the grass was lodged fell within the same region. The eleventh period, 
which was after the mowing, showed a distinctly &fferent relationship than 
expected 

Since the forage canopy geometry was similar in appearance from DOY 
120-162, a more detailed look was taken at this combined penod Hourly net 
radiation values showed a great deal of  vanablhty Owing to rain and heavy 
cloud cover, 5 days had no hourly net radiation values over 100 W m -2, and 
an addmonal  8 days had no values over 300 W m-2 By contrast, only 19 days 
of  the 43 days had any hours wtth average net radiation over 500 W m -2, and 
5 of those clays only had 1 h with a value over that level 

With only 6 out of  the 43 days during the penod of  peak dry matter 
accumulation having 4 or more hours with average net radiation greater than 
500 W m-2, canopy temperature can be routinely utihzed only if values at low 
net radiation levels are readily interpreted Data from the combined period 
were segregated by net radiation range, 100-200, 200-300, 300-400, 400-500, 
and over 500Win -2 The air-canopy temperature differential for each 
radiation level was plotted as a function of  vapor pressure deficit (Fig 3), and 
the regression statistics listed in Tr.ble 2 The slopes of the five lines are 
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Fig 3 Air- -canopy t empera tu re  dlfferentml as a func t ion  o f  vapor  pressure  deficit for the  period 
D O Y  120-162 spht  into the  indicated five net  solar  rad ia t ion  ranges  The  regression statistics for each 

hne  are  hs ted  in Table  2 

virtually identical, indicating a decrease m canopy temperature of 2 1 °C for 
each 1 kPa increase in vapor pressure deficit The correlation coefficients do 
not indicate that data from periods with low net radiation are inferior for 
predicting the slope of  the relationship As expected, the intercept increased 
with net radiation level The increase in canopy temperature averaged 0 6°C 
for each 100 W m  -2 increase in net radiation This lS qmte simdar to the 0 7°C 
increases for each 100 W m  -2 pre&cted, at a vapor pressure defiot of 1 5 kPa 
for alfalfa, by H~pps et al (1985) 

Canopy and aerodynamic resistances, hsted in Table 3, were calculated to 
give reference values for a fully developed orchardgrass canopy growing 
under conditions of  a high level of  available sod moisture for consecutwe 
cloudy and sunny days The method of  O'Toole and Real (1986) was used 
with one modification In eqn (4), the value of the air-canopy temperature 
differential extrapolated to a zero vapor pressure deficit (a), was replaced with 
the expression 

a = ( R  n - -  / ~ n ) A a / A R n  + h (6) 

T A B L E 2  

Average net radmtlon and regression statistics, where a~ is the slope and a 0 ts the intercept, for the five 
net-ra&atlon-dependent relationships between air--canopy temperature differential and vapor pressure 
deficit shown in Fig 3 

R. ( W m  -2) a 1 a 0 r 2 

144 - 2  04 1 42 0 76 
246 - 2 14 2 06 0 77 
348 - 2  13 2 73 0 68 
447 - 2  19 3 04 0 77 
562 - 2  14 3 73 060  
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medmm to high net radiation levels However, at net radiation levels below 
100Wm -2, resistances increased substantially as net radiation decreased 
While there may be some physical rationale for increases in canopy resistance 
as a result of decreases in stomatal aperture at low radiation levels, there ~s no 
physical reason for aerodynamic resistance to increase at constant wind levels 
The fact that aerodynamic resistances do increase at low net radiation levels 
is a hmltation of this calculation method Future work will determine if this 
calculation method can successfully quantify pasture water stress at a w~de 
range of net radmtion levels 

D I S C U S S I O N  

Temperature regulates leaf biochemical process rates and influences disease 
and pest occurrence Leaf temperature deviates from ambient air temperature 
in a manner dependent on solar radiation level and ambient vapor pressure 
deficit The air-canopy temperature differential is also, to some degree, depen- 
dent on physical characteristics of the canopy such as height, structure, and 
density The canopy temperature of physically similar forages may also differ 
in response owing to C3 and C4 photosynthetic pathway differences In 
stomata functioning (Feldhake and Boyer, 1985) 

During late spring, the D glomerata canopy lodged to about half of ItS peak 
height as a result of two severe storms. This did not result in a substantial 
change in canopy temperature or evapotransplration relative to subsequent 
climate conditions This is consistent with lush pasture having a large omega 
factor as described by Jarvls and McNaughton 0986) This means that since 
the canopy is poorly coupled aerodynamically to the atmosphere, evapotrans- 
piratlon is driven primarily by net radiation, which would be httle affected by 
lodging Photosynthesis, however, IS dependent on radiation dIstnbutIon 
within the canopy in addlUon to intensity, and Turltzin and Drake (1981) 
measured a substantial decrease as a result of lodging 

This work establishes a baseline response of canopy temperature, and of 
canopy resistance calculated using canopy temperature, for D glomerata 
pasture dunng spring Canopy temperature decreased about 2 1 °C for a 1 kPa 
decrease in ambient vapor pressure deficit regardless of whether solar radia- 
tion levels were consistently high or consistently low Net radiation increased 
canopy temperature 0 6°C for each 100Wm -2 increase These data may be 
useful for estimating canopy temperature at other times and locations, not 
only In response to daily differences In climate, but in response to differences 
In climate as a result of topographic posmon when sod moisture IS not 
limiting 
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